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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


•  LF-FSP  produces  non-aggregated 
nanopowders,  excellent  feedstock  to 
tape  cast. 

•  Li17Alo.3Ti17Sio.4P2.6O12  pellets  with 
conductivities  >10"3  S  cm  1  (25  °C). 

•  Excess  Li  addition  lowers  sintering 
temperatures  but  has  no  effect  on 
conductivities. 

•  Thin  films  (52  pm)  with  conductiv¬ 
ities  of  4.3  x  10-4  S  cm-1  (25  °C). 


LF-FSP  produced  nanopowder 


Pellets 


T  (°C) 


144  112  84  60  39  21 


103  T1  (K) 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  17  April  2014 
Received  in  revised  form 
3  July  2014 
Accepted  4  July  2014 
Available  online  12  July  2014 


Keywords: 
Nanopowder 
Superionic 
Solid  electrolyte 
Thin  film 

Lithium  ion  battery 


We  demonstrate  that  liquid-feed  flame  spray  pyrolysis  (LF-FSP)  processing  provides  non-aggregated 
nanopowders  that  can  be  used  immediately  to  tape  cast,  producing  thin  films  (<100  pm)  of  Li+  ion 
conducting  membranes  when  sintered.  Glass-ceramic  or  sol— gel  processing  methods  are  commonly 
used  for  such  but  require  additional  high-energy  milling  and/or  calcining  to  obtain  powder  feedstock. 
Lii+x+yAl^T^-xSij/Ps-j/O^  (x  =  0.1,  0.3 /y  =  0.2,  0.4)  nanopowders  were  prepared  by  LF-FSP  with  a  primary 
focus  on  the  effects  of  Alo.3/Sio.4  doping  on  conductivities.  Furthermore,  the  effects  of  excess  L^O  on  AI0.3/ 
Sio.4  doped  materials  were  studied.  Li1.7Alo.3Ti1.7Sio.4P2.6O12  pellets  sintered  to  93-94%  of  theoretical 
density  and  samples  with  varying  excess  L^O  contents  all  show  superionic  conductivities  of  2 
-3  x  1CT3  S  cm-1  at  room  temperature.  L^O  lowers  both  the  crystallization  temperatures  and  tem¬ 
peratures  required  to  sinter.  Total  conductivities  range  from  2  x  1CT3  to  5  x  10-2  S  cm-1  in  the  tem¬ 
perature  span  of  25° -125  °C.  Small  grain  sizes  of  600  ±  200  nm  were  produced.  Initial  attempts  to  make 
thin  films  gave  films  with  thicknesses  of  52  ±  1  pm  on  sintering  just  to  1000  °C.  Measured  conductivities 
were  3—5  x  10-4  S  cm-1;  attributed  to  final  densities  of  only  —88%. 
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1.  Introduction 

Lithium  ion  batteries  are  of  great  interest  due  to  their  ability  to 
offer  high  energy  densities  and  excellent  cycle  life  [1-4].  As  such, 
they  are  now  found  extensively  in  commercial  devices  ranging 
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from  portable  electronics  to  hybrid  electric  (HEV)  and/or  electric 
vehicles  (EV)  [5-8].  Rapid  growth  of  the  lithium  battery  market  is 
expected  to  continue  given  that  HEV/EV  applications  are  relatively 
young,  and  new  potential  applications  are  emerging  such  as  energy 
storage  systems  (ESS)  for  harnessed  renewable  energies  [5,7,8]. 

Although  lithium  ion  battery  technology  is  now  well  established 
and  has  matured  considerably  over  the  past  several  decades; 
[2, 3, 5, 7]  even  with  current  lithium  batteries,  safety  concerns  persist 
due  to  potential  fire  hazards  especially  those  resulting  from  flam¬ 
mable  liquid  organic  electrolytes  used  currently,  mandating 
development  of  more  reliable  electrolytes  [9  .  Abuse  or 
manufacturing  defects  can  result  in  over-charge/discharge  or  in¬ 
ternal  shorts,  causing  electrolyte  to  decompose  or  to  react 
exothermically  with  electrodes  [10-12  .  If  the  temperature  exceeds 
the  melting  point  of  the  separators  (130-150  °C)  used  to  prevent 
contact  between  the  cathode  and  anode,  internal  shorts  can  form 
with  excessive  heat  output.  [13]  In  some  instances,  more  heat  is 
generated  than  can  be  dissipated,  resulting  in  thermal  runaway, 
fires,  smoke,  and  explosions  in  extreme  cases  14,15  .  Coincident 
pressure  buildup  within  the  battery  pack  can  cause  further  me¬ 
chanical  failure  within  the  cell  and  internal  short  circuits.  [11,12,15] 
Larger  fires  or  explosions  can  be  envisioned  when  HEV/EV/ESS 
lithium  batteries  fail  as  the  volumes  are  much  greater  compared  to 
those  of  portable  electronic  devices  [7  . 

Granted,  the  likelihood  of  a  lithium  battery  failure  is  very  low 
due  to  strengthened  safety  regulations  and  improved  safety 
mechanisms  over  the  past  decades  [12  .  However,  concerns 
continue  since  lithium  ion  batteries  are  expected  to  serve  as  pri¬ 
mary  energy  storage  devices,  replacing  batteries  based  on  different 
chemistries  [5,7,8].  Thus,  all  solid  state  batteries  are  sought  as  al¬ 
ternatives.  Both  polymer  [16-18  and  ceramic  18,19  replacements 
for  liquid  electrolytes  are  under  intense  investigation  with  ceramic 
electrolytes  considered  to  be  the  safest  as  they  offer  higher  thermal 
stability  and  Young's  moduli.  For  high  performance,  solid  electro¬ 
lytes  with  conductivities  comparable  to  organic  electrolytes 
(>10-3  S  cnrT1)  are  required  [20,21]. 

LiTi2(P04)3  (LTP),  one  of  the  most  widely  studied  lithium  con¬ 
ducting  materials,  has  a  NASICON  (sodium  super  ionic  conductor) 
type  structure  where  corner  sharing  PO4  tetrahedra  and  Ti06 
octahedra  networks  form  the  crystal  structure  framework  [22-24]. 
Two  interstitial  sites,  labeled  Ml  and  M2  are  considered  for  Li+  ion 
conduction.  For  pure  LTP,  only  Ml  sites  are  fully  occupied  by  Li+ 
ions  22,24].  The  conduction  of  Li+  ions  is  a  diffusional  process 
wherein  Li+  ions  hop  from  one  site  to  a  neighboring  site  [22  . 

Pioneering  studies  by  Aono  et  al.  [25]  explored  doping  of 
LiTi2(P04)3  by  partially  substituting  Ti4+  or  P5+  sites  with  other 
cations  to  reach  higher  total  conductivities.  Of  the  materials  they 
studied,  Lii+xMxTi2-x(P04)3  (M3+  =  Al3+,  Sc3+)  had  the  highest 
conductivity,  7  x  10-4  S  cm'1  at  25  °C.  The  dramatic  increases 
observed  from  2  x  10  6  S  cm-1  for  undoped  to  7  x  10-4  S  cm-1  in 
doped  material  were  ascribed  primarily  to  improved  densification 
of  the  doped  materials.  Their  work  prompted  many  further  studies 
on  Al3+  doping  of  LiTi2(P04)  26-32].  Other  doping  studies  tar¬ 
geting  higher  conductivities  include  substitution  of  Ge4+  on  Ti4+ 
sites,  and  V5+  or  Nb5+  on  P5+  sites  [29,33,34].  The  overall  conclu¬ 
sion  is  that  the  final  densities  of  sintered  pellets,  [25,29,31]  the 
activation  energies  of  Li+  conduction,  [28,33]  the  presence  of  sec¬ 
ondary  phases,  [29,33]  and  the  average  grain  sizes  [31,32,35]  in¬ 
fluence  Li+  conductivities. 

Superionic  conductivities  (>1CT3  S  cm"1)  are  typical  for 
Lii.3Alo.3Tiij(P04)3  or  Lii.sAlo.sGei.stPCH^  materials  made  by  glass- 
ceramic  processing  [28,36,37  .  However,  the  thicknesses  of  sheets 
made  this  way  (1-2  mm)  limit  gravimetric/volumetric  energy 
densities  and  are  not  applicable  to  actual  devices.  In  order  to  pro¬ 
cess  thin  films  (<100  pm),  glass  sheets  are  crushed  and  ball  milled 


to  produce  powders  with  properties  acceptable  for  tape  casting, 
and  thereafter  sintered  [36,38,39]. 

The  motivation  for  the  current  work  was  to  synthesize  lithium 
conducting  nanopowders  in  a  single  step  using  liquid-feed  flame 
spray  pyrolysis  (LF-FSP)  thereby  eliminating  the  glass  forming, 
crushing,  and  ball  milling  steps.  Furthermore,  nanopowders  offer 
potential  access  to  finer  final  grain  sizes  potentially  crucial  to 
obtaining  higher  conductivities  [31,32,35]. 

We  have  investigated  co-doping  of  Al3+  and  Si4+  in  LiTi2(P04)3 
since  examples  of  such  materials  are  rare  [40,41  ]  despite  Fu's  [40] 
report  showing  superionic  conductivities  of  1.5  x  10~3  S  cm-1. 
Most  of  the  work  reported  here  focuses  on  Li1.7Alo.3Ti1.7Sio.4P2.6O12, 
which  showed  the  highest  conductivities  among  compositions 
surveyed.  L^O  is  introduced  to  Li1.7Alo.3Ti1.7Sio.4P2.6O12  as  a  sinter¬ 
ing  aid,  which  may  cause  liquid  phase  sintering  [42-44  .  In  addi¬ 
tion,  based  on  our  findings,  initial  studies  were  undertaken  to 
process  thin  films  (50-70  pm)  from  these  powders  given  that  such 
thicknesses  would  be  ideal  for  lithium  batteries  of  all  types. 

2.  Experimental 

2.1.  Materials 

Lithium  hydroxide  monohydrate  [LiOHH20],  tetraethoxysilane 
[Si(OC2H5)4],  triethyl  phosphate  [^HsO^PO],  triethanolamine 
[N(CH2CH20H)3],  propionic  acid  [CH3CH2COOH],  polyethylene 
glycol  [H(OCH2CH2)nOH,  Mn  =  3400],  polyacrylic  acid  [(C3H402)n, 
Mn  =  2000],  methyl  ethyl  ketone  [C2H5COCH3]  and  benzyl  butyl 
phthalate  ^-^(CHshC^ClCg^COsCHsCgHs,  98%}  were  pur¬ 
chased  from  Sigma-Aldrich  (Milwaukee,  WI).  Polyvinyl  butyral 
[(CgHi402)n,  B-98,  Mn  =  40,000-70,000]  was  purchased  from 
Butvar  (Avon,  OH).  Titanium  isopropoxide  [Ti(OiPr)4]  was  pur¬ 
chased  from  Fischer  Scientific  (Pittsburgh,  PA),  aluminum  tri-sec- 
butoxide  {Al[OCH(CH3)CH2CH3]3}  was  purchased  from  Chattem 
Chemicals  (Chattanooga,  TN),  and  absolute  ethanol  from  Decon 
Labs  (King  of  Prussia,  PA). 

2.2.  Precursor  synthesis 

22  A.  Lithium  propionate  [LUD2CCH2CH3] 

[LiOH  H20,  113  g,  2.7  mole]  was  reacted  with  excess 
[CH3CH2COOH,  500  ml,  6.8  mole]  in  a  1  L  flask  equipped  with  a  still 
head.  The  solution  was  heated  at  130  °C  for  2  h  with  magnetic 
stirring  until  transparent  liquid  was  obtained.  On  cooling  to  room 
temperature,  [Li02CCH2CH3]  crystallized  and  was  filtered  out.  The 
ceramic  yield  of  the  resulting  precursor  was  42  wt  %,  lower  than  its 
theoretical  value  44  wt  %,  as  determined  by  TGA.  The  discrepancy 
arises  from  residual  propionic  acid.  No  further  purification  was 
done  to  remove  this  excess. 

2.2.2.  Alumatrane  [AlfOCfyCfyhN] 

[{Al[OCH(CH3)CH2CH3]3},  1700  ml,  6.7  mole]  was  reacted  with 

[N(CH2CH2OH)3,  885  ml,  6.7  mole]  at  a  molar  ratio  of  1  to  1,  in  a  4  L 
vessel  under  N2  flow.  [N(CH2CH20H)3]  was  added  slowly  via 
addition  funnel  while  the  mixture  was  stirred  constantly  over  a  4  h 
period.  The  resulting  alumatrane,  dissolved  in  byproduct  butanol, 
had  a  TGA  determined  ceramic  yield  of  12  wt  %. 

2.2.3.  Titanatrane  glycolate  {TtfOCfyCfyjjN 

[  OCH2CH2N(CH2CH2OH)2]} 

[Ti(OiPr)4,  1150  ml,  3.80  mole]  was  reacted  with 
[N(CH2CH20H)3, 1010  ml,  7.60  mole]  at  a  molar  ratio  of  1-2,  in  an 
identical  method  to  that  described  above.  The  resulting  titanatrane 
glycolate,  dissolved  in  byproduct  isopropanol,  had  a  TGA  deter¬ 
mined  ceramic  yield  of  13  wt  %. 
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2.3.  Liquid-feed  flame  spray  pyrolysis  (LF-FSP) 

In  this  study,  lithium  propionate,  alumatrane,  titanatrane  gly- 
colate,  tetraethoxysilane,  and  triethyl  phosphate  were  dissolved  in 
ethanol  at  selected  molar  ratios  to  give  a  3  wt  %  ceramic  yield  so¬ 
lution.  The  resulting  solution  was  subsequently  aerosolized  with 
oxygen  into  a  quartz  chamber  where  it  was  ignited  with  methane/ 
oxygen  pilot  torches.  Produced  powders  were  collected  down¬ 
stream  in  rod-in-tube  electrostatic  precipitators  (ESP)  operated  at 
10  kV.  Details  of  the  LF-FSP  process  including  particle  formation 
mechanism  and  metalloorganic  precursor  studies  can  be  found 
elsewhere  [45-49]. 

Unfortunately,  initial  attempts  resulted  in  powders  with  sig¬ 
nificant  amounts  of  TiP207  when  crystallized,  which  we  ascribed  to 
Li  shortages  arising  from  the  volatility  of  L^O  from  flame  temper¬ 
atures  >1000  °C.  Several  runs  were  conducted  to  establish  Li  loss 
factors  targeting  the  production  of  pure  LiTi2(P04)3  leading  to  a 
value  of  1.3.  Thus,  pure  LiTi2(P04)3  forms  when  the  lithium  propi¬ 
onate  content  is  130%  of  that  needed  based  simply  on  precursor 
stoichiometries.  This  factor  was  used  in  all  subsequent  studies 
discussed  below. 

Lii+x+yAlxTi2-xSiyP3-yOi2  (x  =  0.1,  0.3/y  =  0.2,  0.4)  were  syn¬ 
thesized  to  determine  which  composition  showed  the  highest  po¬ 
tential  to  reach  superionic  conductivity.  Once 
Li1.7Alo.3Ti1.7Sio.4P2.6O12  was  shown  to  have  the  highest  conductiv¬ 
ity,  another  powder  with  10  wt%  excess  lithium,  with  respect  to  the 
stoichiometric  amount  of  lithium,  was  produced  by  dissolving 
excess  lithium  propionate  in  precursor  solution  to  investigate  the 
effect  of  lithium  content,  hereafter  referred  to  as  LATSP  and 
LATSP+10%  respectively. 

Table  1  lists  the  amounts  of  precursors  dissolved  in  2760  g 
(3500  ml)  of  ethanol  for  each  composition. 

2.4.  Powder  treatment  and  pellet  compaction 

The  as-produced  Lii+x+yAlxTi2-xSiyP3_yOi2  (x  =  0.1,  0.3/y  =  0.2, 
0.4)  powders  which  were  used  for  preliminary  experiments  were 
pressed  in  a  dual  action  14.2  mm  WC  die.  No  further  treatment  of 
the  powder  or  pressing  was  done  to  improve  green  densities. 

Additional  steps  were  adopted  to  enhance  the  LATSP  and 
LATSP+10%  green  densities  to  optimize  final,  sintered  densities  and 
ionic  conductivities.  Selected  amount  of  as-produced  powders 
(18  g)  were  dispersed  in  ethanol  (300  ml)  with  an  ultrasonic  horn 
(Vibra  cell  VC-505,  Sonics  and  Materials,  Inc.,  Newton,  CT)  at  100  W 
for  15  min  and  left  for  24  h  to  allow  larger  particles  to  settle.  The 
suspension  was  decanted,  dried,  re-dispersed  (100  W,  15  min)  in 
ethanol  (300  ml)  with  addition  of  4  wt  %,  with  respect  to  powder 
mass,  of  poly  ethylene  glycol,  and  dried  again.  The  resulting  pow¬ 
ders  were  ground  in  an  alumina  mortar  and  pestle,  and  subse¬ 
quently  sieved  through  80  pm  nylon  mesh.  The  granulated  powders 
(350  mg)  were  pressed  in  a  dual  action  14.2  mm  WC  die,  followed 
by  cold  isostatic  pressing  (Autoclave  engineers,  Erie,  PA)  at  200  MPa 
for  30  min. 

Li1.7Alo.3Ti1.7Sio.4P2.6O12  with  5%  excess  lithium  (LATSP+5%)  was 
formulated  by  mixing  LATSP  and  LATSP+10%  in  a  1:1  wt.  ratio  by 


Table  2 

Starting  materials  and  composition  for  film  casting. 


Role 

Mass  (g) 

wt.  % 

vol.  % 

LATSP+5% 

Powder 

1.00 

30 

12 

Benzyl  butyl  phthalate 

Plasticizer 

0.14 

4 

4 

Polyvinyl  butyral 

Binder 

0.14 

4 

4 

Polyacrylic  acid 

Dispersant 

0.03 

1 

1 

Ethanol 

Solvent 

0.4 

12 

16 

Methyl  ethyl  ketone 

Solvent 

1.6 

49 

64 

ultrasonication  (100  W,  15  min).  Identical  procedures  as  above  were 
done  for  pellet  compaction. 

2.5.  Thin  film  preparation 

Table  2  lists  the  components  used  to  cast  films.  Powder, 
dispersant,  and  solvent  were  ball-milled  with  spherical  99% 
alumina  beads  with  3.0  mm  diameter  for  6  h  in  a  20  ml  vial  to  break 
up  agglomerates  and  disperse  powder.  Subsequently,  binder  and 
plasticizer  were  introduced  and  the  new  mixture  was  ball-milled 
for  an  additional  24  h  to  homogenize  the  suspension.  A  ball 
tumbler  (Rotary  Tumbler  Model  B,  Tru-Square  Metal  Products, 
Auburn,  WA)  was  used  for  milling.  One  fifth  of  the  container  was 
filled  with  the  milling  media. 

Suspensions  were  cast  using  a  wire  wound  rod  coater  (Auto¬ 
matic  Film  Applicator- 1137,  Sheen  Instrument,  Ltd,  UK).  Spacers 
were  places  between  the  rod  and  the  substrate  to  maintain  a  gap  of 
400  pm.  After  solvent  evaporation,  the  resulting  green  films  had 
thicknesses  of  ~75  pm.  Dried  green  films  were  manually  peeled  off 
the  Mylar  substrate,  and  cut  to  2.5  x  2.5  cm. 

2.6.  Crystallization  and  sintering 

Heat  treatments  were  conducted  in  a  Lindberg/Blue  M  single 
zone  tube  furnace  (Watertown,  WI).  For  quick  tests  of 
Lii+x+yAlxTi2-xSiyP3-y012  (x  =  0.1,  0.3/y  =  0.2,  0.4)  samples,  pellets 
were  heated  to  900°,  1000°,  1100°,  and  1200  °C  at  a  ramp  rate  of 
5  °C  min-1  and  held  for  1  h.  For  LATSP  with  varying  lithium  content 
studies,  green  pellets  were  heated  to  690°,  680°,  and  660  °C  at  a 
ramp  rate  of  5  °C  min-1  for  LATSP,  LATSP+5%,  and  LATSP+10% 
respectively.  The  temperature  was  held  for  1  h  at  constant  air  flow 
of  60  ml  min-1.  Crystallized  pellets  of  LATSP,  LATSP+5%  and 
LATSP+10%  were  sintered  at  1200°,  1180°,  and  1140  °C  respectively 
for  1  h  under  60  ml  min-1  air  flow.  The  ramp  rate  was  5  °C  min-1  to 
700  °C  and  1  °C  min-1  to  the  target  temperature.  For  film  studies, 
green  films  were  placed  in  between  alumina  plates  and  debin- 
dered/crystallized  at  665  °C  for  2  h  at  a  ramp  rate  of  5  °C  min-1 
followed  by  sintering  at  1000  °C  for  1  h  at  a  ramp  rate  of  1  °C  min-1. 
Alumina  plates  were  used  to  prevent  warping.  Sintering  tempera¬ 
tures  were  limited  to  1000  °C  as  LATSP  films  sintered  onto  alumina 
plates  at  higher  temperatures. 

2.7.  Polishing  and  thermal  etching  of  sintered  pellets 

For  SEM  imaging,  sintered  pellets  were  ground  and  polished 
using  a  Leco  Spectrum  System  1000  Grinder/Polisher  (St.  Joseph, 


Table  1 

Amount  of  precursors  dissolved  in  ethanol  for  each  composition.  (Unit:  g). 


Lithium  propionate 

Alumatrane 

Titanatrane  glycolate 

Tetraethoxysilane 

Triethyl  phosphate 

Li1.3Alo.1Ti1.9Sio.2P2.8O12 

12.9 

9.1 

251.4 

8.9 

109.8 

Li1.5Alo.1Ti1.9Sio.4P2.6O12 

14.9 

9.1 

250.9 

17.9 

101.8 

Li1.5Alo.3Ti1.7Sio.2P2.8O12 

15.0 

27.6 

226.6 

9.0 

110.6 

Li1.7Alo.3Ti1.7Sio.4P2.6O12 

17.0 

27.6 

226.1 

18.0 

102.5 

Li1.7Alo.3Ti1.7Sio.4P2.6O12  (10  wt%  excess  Li) 

18.7 

27.6 

226.1 

18.0 

102.5 

580 
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MI).  The  pellets  were  initially  ground  with  1200  grit  SiC  paper 
(LECO,  St.  Joseph,  MI),  and  polished  with  9,  3,  and  1  pm  diamond 
suspensions  (Dexter,  MI)  subsequently.  Polished  samples  were 
subject  to  thermal  etching  at  900  °C  for  3  h. 


2.8.  Characterization 

2.8 A.  Density  measurements 

Green  pellet  densities  were  calculated  by  geometrical  methods. 
Diameter,  thickness,  and  mass  were  measured.  Densities  of  sintered 
pellets  and  films  were  determined  using  an  Archimedes  density 
determination  kit  (OHAUS  Corp.,  Parsippany,  NJ).  Suspended  and 
wet  masses  were  measured  with  pellets  and  films  boiled  in  ethanol 
for  1  h.  Dry  masses  were  measured  after  heating  the  samples  at 
90  °C  for  3  h. 


2.8.2.  X-ray  diffraction 

X-Ray  powder  diffraction  (XRD)  analyses  were  run  using  a  Rigaku 
Rotating  Anode  Goniometer  (Rigaku  Denki.,  Ltd.,  Tokyo,  Japan).  XRD 
scans  were  made  from  10°  to  70°  26,  using  a  scan  rate  of  2°  min-1  in 
0.01°  increments  and  Cu  Ka  radiation  (1.541  A)  operating  at  40  kV 
and  100  mA.  As-produced  powders,  sintered  pellets,  and  sintered 
films  were  characterized  by  XRD.  The  sintered  pellets  and  films  were 
pulverized  with  an  agate  mortar  and  pestle.  Silicon  powder  was 
mixed  with  ground  pellet  powder  in  the  same  fashion  and  used  as  an 
internal  standard  for  lattice  parameter  calculations.  The  Jade  pro¬ 
gram  2010  (Version  1.1.5  from  Materials  Data,  Inc.,  Livermore  CA) 
was  used  to  refine  lattice  constants,  and  to  determine  the  presence  of 
crystallographic  phases  and  their  wt.  fraction  compositions. 


2.8.3.  N2  adsorption 

Specific  surface  areas  (SSA)  were  obtained  using  a  Micromeritics 
ASAP  2020  sorption  analyzer.  Samples  (400  mg)  were  degassed  at 
400  °C/5  h.  Each  analysis  was  run  at  -196  °C  (77  K)  with  N2.  The 
SSAs  were  determined  by  the  BET  multipoint  method  using  ten 
data  points  at  relative  pressures  of  0.05-0.30. 


2.8.4.  Scanning  electron  microscopy 

Micrographs  were  taken  using  a  FEI  NOVA  Nanolab  system  (FEI 
company,  Hillsboro,  OR).  Powder  samples  were  used  as  is,  sintered 
pellets  were  polished/etched,  and  thin  films  were  fractured  for 
imaging.  All  samples  were  sputter  coated  with  gold/palladium  us¬ 
ing  a  Technics  Hummer  IV  DC  sputtering  system  (Anatech,  Ltd., 
Alexandria,  VA). 
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Set  3 
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Uniaxial  press 
powders  (pelletize) 

4 
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i 
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Uniaxial  press 
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Cold  isostatic  press 
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4  Ball-mill  6h 
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Fig.  1.  Schematic  experimental  flow  chart. 


2.8.5.  Thermogravimetric  analyses  (TG. Af /differential  scanning 
calorimetry  (DSC) 

Crystallization  points  of  as-produced,  amorphous  powders  were 
confirmed  using  a  Q600  simultaneous  TGA/DSC  (TA  Instruments, 
Inc.,  New  Castle,  DE).  Samples  (15-25  mg)  were  loaded  in  alumina 
pans  and  ramped  to  700  °C  at  a  heating  rate  of  10  °C  min-1  to 
600  °C  and  1  °C  min-1  to  700  °C,  under  constant  air  flow  at 
60  ml  min-1.  The  solids  loadings  of  the  green  films  were  deter¬ 
mined  by  the  same  method. 

2.8.6.  Ionic  conductivity  measurements 

AC  impedance  data  were  collected  with  broadband  spectrom¬ 
eter  (Novocontrol  technologies,  Hundsangen,  Germany)  in  a  fre¬ 
quency  range  of  10  MHz  to  1  Hz  at  25°  to  125  °C  in  increments  of 
20  °C.  All  measurements  were  done  at  a  root  mean  square  voltage 
of  10  mV.  Pellet  and  film  surfaces  were  gently  smoothed  with  1200 
grit  SiC  paper  (LECO,  St.  Joseph,  MI).  Gold  electrodes,  1  mm  in 
diameter,  were  deposited  using  an  SPI  sputter  coater  (SPI  Supplies, 
Inc.,  West  Chester,  PA)  on  one  side  of  the  surface  whereas  the  other 
side  was  coated  in  full.  Obtained  Nyquist  plots  were  fit  using  EIS 
spectrum  analyzer  software  [50]  to  estimate  total  resistance  of 
samples.  Conductivities  were  calculated  using  the  following  equa¬ 
tion.  Here,  d,  Ae,  and  R  denote  pellet  thickness,  electrode  area,  and 
resistance,  respectively. 

a  =  d/AeR  (1) 

Activation  energies  were  calculated  from  Arrhenius  plots  using 
the  equations  below.  Here,  A,  Ea>  Rg,  and  T  corresponds  to  pre¬ 
exponential  factor,  activation  energy,  gas  constant,  and  absolute 


temperature,  respectively. 

0  =  A  exp(  -  Ea/RgT) 

(2) 

log  a  =  logA  -  (Ea/2.3RgT) 

(3) 

3.  Results  and  discussion 

The  objectives  of  the  work  reported  here  were  to  identify 
nanopowder  compositions  in  the  Lii+x+yAlxTi2-xSiyP3_yOi2  system 
made  by  LF-FSP  that  offer  Li  superionic  conductivities  in  sintered 
bodies,  and  that  permit  processing  thin  films  for  membrane 
applications. 

This  section  is  separated  into  three  parts.  The  first  concerns  the 
brief  evaluation  of  Lii+x+yAlxTi2_xSiyP3_yOi2  (x  =  0.1,  0.3/y  =  0.2, 
0.4)  samples  to  determine  which  sintered  pellet  compositions 
show  the  highest  conductivities.  Li+  ionic  conductivities  and  XRD 
studies  of  sintered  pellets  are  discussed. 

The  second  part  pertains  to  composition  optimization  for  con¬ 
ductivity.  The  effects  of  sintering  temperatures  and  added  excess 
Li20  are  also  explored.  Discussions  on  phase  compositions,  micro¬ 
structures,  and  impedance  measurements  of  sintered  pellets  are 
presented. 

The  third  pertains  to  initial  efforts  to  process  thin  films.  Green 
and  sintered  films  were  characterized  by  TGA,  SEM  and  XRD.  The 
Li+  ionic  conductivities  studies  of  sintered  films  follow. 

Fig.  1  is  a  schematic  experimental  flow  chart,  divided  in  three 
parts  as  aforementioned. 

3.2.  LU+x+yAlxTi2-xSiyP3-y012  (x  =  0.2,  0.3/y  =  0.2,  0.4) 
compositions 

We  begin  with  a  global  characterization  of  the  as-produced 
powders  including  XRD,  BET  and  SEM. 
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3. 1.1.  As-produced  powders 

Fig.  2  shows  SEM  micrographs  of  as-produced  powders  of  all 
compositions.  For  all,  spherical  particles  with  APSs  <100  nm  are 
observed. 

Table  3  lists  specific  surface  areas  (SSAs)  and  average  particle 
sizes  (APSs)  for  as-produced  Lii+x+yAlxTi2-xSiyP3_yOi2  (x  =  0.1,  0.3/ 
y  =  0.2,  0.4)  nanopowders.  The  density  of  Li20-Al203-Ti02-P20s 
glass,  2.69  g  cm  3,  was  used  as  an  approximation  to  convert  SSAs  to 
APSs.  51  APSs  of  all  powders  are  <100  nm,  consistent  with  Fig.  2 
SEMs. 

Fig.  3  provides  XRD  patterns  of  as-produced  Lii+x+y 
AlxTi2-xSiyP3_3/012  (x  =  0.1,  0.3 /y  =  0.2,  0.4)  nanopowders.  All  are 
amorphous  as  evidenced  by  broad  humps  centered  at  -24°  20. 

3.2.2.  Sintering  and  ionic  conductivities 

Pellets  of  Lii+x+yAlxTi2-xSiyP3-yOi2  (x  =  0.1,  0.3 /y  =  0.2,  0.4) 
were  heated  at  5  °C  min-1/air  and  sintered  at  900°,  1000°,  1100°, 
and  1200  °C  for  1  h.  Fig.  4  shows  the  XRD  patterns  of  pellets  sin¬ 
tered  to  1100  °C  for  1  h.  All  peaks  correspond  to  those  of  LiT^PO^ 
for  the  Li1.3Alo.1Ti1.9Sio.2P2.8O12  sample.  Small  quantities  of  AIPO4 
and  Ti02  are  detected  for  samples  with  higher  doping  concentra¬ 
tions  of  either  Al3+  or  Si4+.  Phase  separation/formation  of  AIPO4  or 
Ti02  is  common  for  these  types  of  material  on  sintering  at  >900  °C 
[40,41,52,53].  No  secondary  phases  related  to  Si4+  are  observed. 

Fig.  5  presents  XRD  patterns  for  Li1.7Alo.3Ti1.7Sio.4P2.6O12  pellets 
sintered  to  selected  temperatures.  Pellets  sintered  at  900  °C  are 
mostly  phase  pure  LiTi2(P04)3  with  small  amounts  of  residual 
amorphous  phase,  as  evidenced  by  a  small,  broad  hump  at  -24°  26. 
Pellets  sintered  at  1000  °C  and  above  are  highly  crystalline,  and 
AIPO4  and  Ti02  secondary  phases  are  present.  For  all 
Lii+x+yAlxTi2_xSiyP3_yOi2  (x  =  0.1,  0.3 /y  =  0.2,  0.4)  samples,  higher 
sintering  temperatures  resulted  in  gradual  increases  in  secondary 
phase  peak  intensities  indicating  loss  of  L^O. 


Table  3 


SSAs  and  APSs  of  as-produced  Lii+x+yAlxTi2_xSiyP3_yOi2  ( x  =  0.1,  0.3 /y  =  0.2,  0.4). 


SSAs  (m2  g  1) 

APSs  (nm) 

Lil.3Alo.lTil.9sio.2p2.8012 

30 

74 

Lil.5Alo.lTil.9sio.4p2.6012 

35 

64 

Lil.5Alo.3Til.7sio.2p2.8012 

32 

70 

Lil.7Alo.3Til.7sio.4p2.6012 

40 

56 

Fig.  6  summarizes  the  room  temperature  conductivities  for 
Lii+x+yAlxTi2_xSiyP3_yOi2  (x  =  0.1,  0.3 /y  =  0.2,  0.4)  pellet  samples. 
These  initial  samples  provided  a  quick  estimate  of  compositions 
that  show  the  best  potential  to  reach  superionic  conductivities.  No 
efforts  were  made  to  optimize  each  composition  in  terms  of  den¬ 
sities  and  conductivities.  Rather,  all  samples  were  simply  pelletized 
by  uni-axial  pressing  and  sintered  at  selected  temperatures  and 
dwell  times. 

Fig.  6  shows  a  general  trend  wherein  room  temperature  con¬ 
ductivities  increase  with  sintering  temperature  as  pellets  density 
[25].  Sio.4  doped  samples  offer  higher  conductivities  compared  to 
Sio.2  doped  samples.  Also,  higher  doping  concentrations  result  in 
higher  conductivities.  Thus  Li1.7Alo.3Ti1.7Sio.4P2.6O12  shows  the 
highest  conductivity  at  all  sintering  temperatures.  The  highest 
value  of  7.7  x  10~4  (±1.5  x  1CT4)  S  cm  1  is  observed  for  pellets 
sintered  at  1100  °C  for  1  h. 

The  next  step  was  to  further  optimize  Li1.7Alo.3Ti1.7Sio.4P2.6O12 
(LATSP).  Thus,  pelletized  samples  were  cold  isostatically  pressed 
(CIPped)  to  improve  green  densities.  CIPped  pellets  had  56%  theo¬ 
retical  densities  (TD),  10%  higher  than  isostatically  pressed  pellets. 
Furthermore,  the  effects  of  excess  lithium  content  on  overall  sin¬ 
tering  behavior  and  conductivity  were  investigated. 

The  following  section  pertains  to  LATSP  synthesized  with  excess 
lithium  as  L^O.  LATSP+5%  and  LATSP+10%  each  denote  5  and  10  wt 
%  excess  lithium,  respectively.  LATSP+10%  was  synthesized  by  using 


Fig.  2.  SEM  micrographs  of  as-produced  a.  Al0.i/Si0.2»  b.  Al0.i/Si0.4,  c.  Al0.3/Si0.2,  and  d.  Al0.3/Si0.4  nanopowders. 
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Fig.  3.  XRD  patterns  of  as  produced  Lii_)_x_|_yAlxTi2— yOi2  (x  —  0.1,  0.3 (y  —  0.2,  0.4). 

10  wt%  extra  lithium  propionate  compared  to  the  stoichiometric 
amount,  whereas  LATSP+5%  was  made  by  mixing  LATSP  and 
LATSP+10%  by  ultrasonication.  The  excess  lithium  precursor  is  ex¬ 
pected  to  form  Li20  on  heating. 

LiTi2(P04)3  (PDF#  01-072-6140) 

™  ♦  Ti02  (PDF#  98-000-0375) 


Fig.  4.  XRD  patterns  of  Lii+x+yAlxTi2_xSiyP3_yOi2  (x  =  0.1,  0.3 /y  =  0.2,  0.4)  pellets 
sintered  at  1100  °C/1  h.  Peaks  with  no  label  correspond  to  LiTi2(P04)3. 


3.2.  LATSP/LATSP+5%/LATSP+  l 0% 

3. 2 A.  As-produced  powders 

Fig.  7  provides  XRD  patterns  of  as-produced  powders.  The  broad 
humps  centered  at  -24°  20,  observed  for  both  LATSP  and 
LATSP+10%  are  typical  of  amorphous  samples.  Table  4  lists  SSAs 
with  APSs  determined  by  N2  adsorption.  Fig.  8  SEMs  of  as-produced 
powders  show  spherical  particles  with  APSs  <100  nm. 

The  Fig.  9  DSC  scans  show  the  crystallization  exotherms  for 
LATSP,  LATSP+5%,  and  LATSP+10%.  In  each  sample,  only  one  exo¬ 
therm  is  observed  for  the  LiTi2(P04)3  phase.  The  crystallization 
peak  maxima  shift  from  667  ±  1°  to  662  ±1°  and  to  656  ±  1  °C  with 
increasing  L^O  content. 

3.2.2.  Crystallization  and  sintering 

Thereafter,  green  pellets  were  first  crystallized  at  selected 
temperatures  to  avoid  cracking  during  crystallization.  They  were 
subsequently  sintered  at  higher  temperatures  for  densification. 
Fig.  10  shows  XRD  patterns  of  samples  sintered  to  the  highest 
densities.  All  peaks  correspond  to  those  of  LiTi2(P04)3  except  two 
assigned  to  AIPO4  and  TiC>2. 

Table  5  summarizes  heating  conditions,  final  densities,  and 
phase  compositions  of  the  sintered  pellets.  Phase  compositions 
were  determined  by  Rietveld  refinement  using  reference  files  listed 

in  Fig.  10. 

Sintering  temperatures  were  reduced  by  20°  and  60  °C  for 
LATSP+5%  and  LATSP+10%  pellets  respectively,  compared  to  LATSP. 
The  final  pellet  densities  were  all  ~94  %TD,  as  measured  by  the 
Archimedes  method.  The  presence  of  secondary  phases  was 
ignored  in  these  calculations.  Longer  dwell  times  or  higher 


LiTi2(P04)3  (PDF#  01-072-6140) 
♦  Ti02  (PDF#  98-000-0375) 
*  AIP04  (PDF#  04-014-2298) 


Fig.  5.  XRD  patterns  of  Li1.7Alo.3Ti1.7Sio.4P2.6O12  pellets  sintered  at  selected  tempera¬ 
tures.  Peaks  with  no  label  correspond  to  LiTi2(P04)3. 
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Fig.  6.  Room  temperature  conductivities  of  samples  sintered  at  selected  temperature 
for  1  h. 


temperatures  than  listed  in  Table  5  reduced  observed  densities  by 
1-3%.  These  density  decreases  may  be  ascribed  to  the  volatility  of 
Li20  at  higher  temperatures  which  promotes  formation  of  sec¬ 
ondary  phases  such  as  A1P04  and  Ti02  [54  . 

It  is  rather  strange  to  see  similar  amounts  of  AIPO4  and  Ti02 
even  when  excess  lithium  is  introduced  since  one  would  expect  it 
to  form  LiTi2(PC>4)3  by  reacting  with  AIPO4  and  Ti02)  hence  reducing 
secondary  phase  contents.  One  possible  explanation  is  that  the 
excess  Li20  resides  in  grain  boundaries  such  that  there  is  a  diffusive 
path,  and  more  of  it  is  lost  at  lower  temperatures  compared  to 
stoichiometric  samples.  The  phase  compositions  of  all  samples  are 
quite  the  same,  indicating  that  most  of  the  excess  lithium  evapo¬ 
rates  during  sintering. 

The  LATSP  theoretical  density  is  2.93  g  cm-3,  as  calculated  using 
Table  6  refined  lattice  parameters.  Refinement  was  done  by  whole 
pattern  fitting  and  Rietveld  refinement  with  Jade  software  using  Si 
(PDF#  98-000-0396)  as  an  internal  standard.  Table  6  compares  the 


lattice  parameters  of  LATSP  with  those  of  LiTi2(P04)3  and 
Lii.3Alo.3Tii.7(P04)3.  The  differences  in  ionic  radii  of  Al3+(0.535  A), 
Ti4+(0.605  A),  Si4+(0.26  A),  and  P5+(0.17  A)  explain  the  changes  in 
lattice  parameters  [55  .  The  lattice  constants  for  Lii.3Alo.3Tiu(P04)3 
are  smaller  than  for  LiTi2(P04)3  since  smaller  ionic  radius  Al3+ 
substitutes  for  Ti4+,  and  LATSP  has  larger  lattice  parameters 
compared  to  Lii.3Alo.3Tiij(P04)3  due  to  substitution  of  P5+  by  larger 
ionic  radius  Si4+. 

3.2.3.  Microstructures 

Fig.  11  provides  the  microstructures  for  samples  sintered  to  the 
highest  densities  per  Table  5.  Average  grain  sizes  (AGSs)  deter¬ 
mined  by  the  linear  intercept  method  are  625  ±  230,  590  ±  180,  and 
610  ±  210  nm  for  LATSP,  LATSP+5%  and  LATSP+10%,  respectively. 
All  samples  have  very  similar  AGSs  despite  being  sintered  at 
different  temperatures.  This  suggests  that  densification  and  grain 
growth  are  triggered  at  lower  temperatures  with  the  addition  of 
excess  Li20.  Li20  thus  must  act  as  sintering  aid  for  this  material  as  it 
is  the  only  variable  among  three  powders. 

3.2.4.  Ionic  conductivities 

Fig.  12  provides  a  representative  Nyquist  plot  of  sintered  LATSP 
pellets  at  25  °C.  A  depressed  semicircle  is  observed  at  high  fre¬ 
quencies  followed  by  an  inclined  spike  at  lower  frequencies.  The 
semicircle  is  due  to  the  sample's  ionic  conductivity,  and  the  inclined 
spike  to  polarization  of  ion  blocking  electrodes  [56].  While  it  is 
agreed  that  the  semicircle  corresponding  to  the  grain  resistance  is 
not  identifiable  at  room  temperature  for  high  conductivity  mate¬ 
rials  as  only  one  semicircle  is  present,  some  researchers  argue  that 
the  left  intercept  of  the  semicircle  with  the  real  axis  ( T )  is  grain 
resistance  (Rg)  and  the  diameter  of  the  semicircle  is  the  grain 
boundary  resistance  (Rgb)  [26,31,32,35,57-59].  In  contrast,  others 
claim  the  left  intercept  is  the  circuit  resistance  external  to  the 
sample  and  the  diameter  of  the  semicircle  is  the  total  resistance 
(Rt  =  Rg  +  Rgb)  [37,60-63].  Although  the  interpretations  conflict, 
identical  equivalent  circuits  are  used  for  fitting,  which  was  adopted 
here. 

For  the  current  study,  since  the  left  intercept  was  fairly  small 
compared  to  the  right  intercept,  the  right  intercept  was  taken  as  the 
total  resistance  as  a  conservative  estimate.  The  equivalent  circuit, 
presented  in  Fig.  12,  was  used  to  estimate  total  resistances.  A  single 
resistor  (Ri)  was  used  for  the  left  intercept;  a  resistor  (R2)  in  parallel 
with  a  constant  phase  element  (CPEi)  for  the  diameter  of  semi¬ 
circle;  and  a  constant  phase  element  (CPE2)  for  electrode  polari¬ 
zation  [41,56,57,60,64,65]  The  total  resistances  were  calculated  as 
Ri  +  R2* 

Fig.  13  depicts  typical  Nyquist  plots  of  sintered  LATSP  pellets  at 
65°  and  125  °C.  At  65  °C,  the  semicircle  is  still  identifiable  although 
the  diameter  has  greatly  diminished  compared  to  that  at  25  °C. 
Only  a  short  arc  is  seen  at  125  °C. 

Table  7  presents  conductivities  at  25  °C  and  above.  At  25  °C,  all 
samples  show  conductivities  superior  to  10-3  S  cm-1.  The  LATSP 
conductivity  reported  here,  2.4  x  1CT3  (±7.6  x  1CT5)  S  cm-1,  is 
about  three  times  7.7  x  1CT4  (±1.5  x  10-4)  S  cm-1,  the  highest  value 
obtained  in  the  preliminary  studies.  The  major  difference  is  the 
powder  processing  and  cold  isostatic  pressing  of  the  green  pellets 
which  eventually  results  in  higher  sintered  densities.  As  a 


Table  4 


SSAs  and  APSs  of  LATSP  and 

LATSP+10%. 

SSAs  (m2  g-1) 

APSs  (nm) 

LATSP 

40 

56 

LATSP+10% 

35 

64 

Fig.  7.  XRD  patterns  of  as-produced  LATSP  and  LATSP+10%  nanopowders. 
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Fig.  8.  SEM  micrographs  of  as-produced  a.  LATSP  and  b.  LATSP+10%  nanopowders. 


comparison,  LATSP  pellets  sintered  at  1100  °C  for  1  h  in  the  LATSP 
focused  studies  were  88  ±  1  %TD  dense,  whereas  those  sintered 
under  identical  heating  conditions  in  the  preliminary  studies  were 
80  ±  1  %TD. 

The  total  conductivities  are  on  the  order  of  10-2  S  cm-1  at  and 
above  65  °C,  higher  than  the  organic  electrolyte  conductivities  at 
ambient.  For  example,  LiC104  and  LiPF6  dissolved  in  organic  sol¬ 
vents  can  have  conductivities  of  8.4  x  10~3  S  cm-1  and 
1.1  x  10“2  S  cm'1  at  25  °C,  respectively  [21  .  Temperatures  near 
65  °C  are  reached  easily  during  battery  operations  as  testified  by 
the  numerous  built-in  safety  measures  in  organic  electrolyte 
lithium  batteries  designed  to  limit  temperature  rises  beyond  60  °C, 
which  sometimes  fail  and  result  in  permanent  degradation  or 


Temperature  (°C) 

Fig.  9.  DSC  scans  of  a.  LATSP,  b.  LATSP+5%,  and  c.  LATSP+10%  powder. 


thermal  runaway  caused  by  electrolyte  decomposition  and  elec¬ 
trode/electrolyte  reactions  [12,21  . 

On  another  note,  one  can  easily  imagine  batteries  operating  at 
60-100  °C  for  HEV/EV/ESS  applications  due  to  the  large  battery 
volumes,  hence,  exhibiting  lower  thermal  dissipation  compared  to 
small  battery  packs.  Overall,  LATSP  seems  to  offer  excellent  po¬ 
tential  for  replacing  organic  electrolytes  due  to  its  high  conduc¬ 
tivities  and  much  improved  safety.  Also,  the  low  coefficients  of 
thermal  expansion  (CTE)  of  LATP  materials  (7-11  ppm  °C_1)  [35] 
suggests  easier  structural  design  of  batteries  compared  to  those 
using  polyethylene  oxide  based  polymer  electrolytes 
(120  ppm  °C~1)  [66]  as  the  volume  change  during  use  at  a  range  of 
temperature  becomes  less  of  a  concern. 


LiTi2(P04)3  (PDF#  01-072-6140) 
♦  Ti02  (PDF#  98-000-0375) 
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Table  5 

Heating  conditions,  final  densities,  and  phase  compositions  of  sintered  pellets. 


Heating  conditions 

Crystallization  Sintering 

Final 

density 

(%  TD) 

Phase  compositions  (wt%) 

LiTi2(P04)3  A1P04  Ti02 

LATSP 

LATSP+5% 

LATSP+10% 

690  °C,  1  h  1200  °C, 

680  °C,  1  h  1180  °C, 

660  °C,  1  h  1140  °C, 

1  h  93  ±  1 

1  h  94  ±  1 

1  h  94  ±  1 

91  ±  0.5 

91  ±  0.7 

92  ±  0.4 

7  ±  0.2  2  ±  0.5 

7  ±  0.5  2  ±  0.4 

5  ±  0.9  3  ±  0.6 

Table  6 

Lattice  parameters  of  LATSP,  LiTi2(P04)3,  and  Lii.3Al0.3Tii.7(PO4)3. 

Sample 

a  (A) 

c  (A) 

LATSP 

LiTi2(P04)3a 

Lii  .3Alo.3Tii  j{  P04)3 

8.5137(3) 

8.512 

8.5 

20.8529(8) 

20.858 

20.82 

a  Ref.  [25]. 


Fig.  14  shows  selected  temperature  dependent  measurements  of 
Li+  ionic  conductivities  for  all  LATSP  samples.  Each  plot  exhibits  an 
Arrhenius  dependence.  Conductivities  at  each  temperature  are 
within  the  error  limits  of  each  other  such  that  no  clear  argument 
can  be  made  on  which  exhibits  higher  conductivities.  The  activation 
energies  derived  from  the  slope  of  the  Arrhenius  plots  are  tabulated 
in  Table  8.  The  Li+  diffusion  mechanism  is  the  same  for  all  samples 
as  there  is  no  noticeable  difference  in  activation  energies.  Con¬ 
ductivities  and  activation  energies  are  comparable  to  those  re¬ 
ported  by  Fu  with  similar  compositions  [40  . 

3.3.  Thin  film  processing 

Initial  efforts  were  made  to  produce  thin  films  that  might  offer 
similar  properties  in  real  devices  given  that  commercially  available 
solid  membranes  are  100-300  pm  thick. 

3.3.1.  Green  film  analyses 

In  the  Fig.  15  SEM  fracture  surface  image  of  a  green  film,  the 
LATSP+5%  nanopowders  seem  to  be  well  dispersed  in  the  poly¬ 
meric  host.  Obtaining  crack  free,  green  films  using  nanopowders  is 
not  an  easy  task.  In  general,  high  solids  loadings  of  suspensions  is 
preferential  to  minimize  defect  formation  while  drying  the  cast 
film.  However,  because  nanopowder  surfaces  interact  quite 
strongly  with  solvent,  excess  solvent  is  needed  compared  to  micron 
sized  particles. 

One  way  of  improving  solids  loadings  is  to  start  with  low  vis¬ 
cosity  solvents  [67,68  .  For  that  matter,  mixed  solvent  systems  of 
ethanol/toluene,  ethanol/xylene,  and  ethanol/methyl  ethyl  ketone 
are  commonly  used  in  tape  casting.  LATSP+5%  does  not  disperse  in 
toluene  or  xylene.  Hence,  an  ethanol/methylethyl  ketone  system  at 


Fig.  12.  Representative  Nyquist  plot  for  LATSP  at  25  °C.  Equivalent  circuit  used  for 
fitting  is  presented.  Inset  shows  high  frequency  region. 

a  volume  ratio  of  20/80  was  used  to  obtain  crack  free,  green  films  on 
drying. 

Another  method  of  reducing  viscosity,  thereby  increasing  solids 
loading  for  a  given  suspension,  is  to  add  dispersants  62,63,69,70]. 
Polyacrylic  acid  at  3  wt  %  with  respect  to  powder  mass,  was  used  in 
the  current  studies.  Optimal  dispersant  and  solvent  volume  ratios 
were  determined  empirically. 

From  fable  2,  the  expected  ceramic  yields  of  processed  green 
films  can  be  calculated  as  77  wt%  (57  vol%),  excluding  solvent  as  it 
evaporates  on  drying.  The  Fig.  16  TGA/DSC  shows  the  green  film  to 
have  a  ceramic  yield  identical  to  theory.  Two  exotherms  are  seen 
accompanied  by  mass  losses  at  intermediate  temperatures  from 
decomposition  of  polymeric  additives:  polyacrylic  acid,  benzylbutyl 
phthalate,  and  polyvinyl  butyral.  The  mass  loss  ceases  at  -500  °C 
and  a  LiTi2(P04)3  crystallization  exotherm  is  observed  at  662  °C, 
consistent  with  as-produced  powder  analyses  in  Fig.  9.  The  endo- 
therm  spike  at  600  °C  is  due  to  a  change  in  ramp  rate. 

3.3.2.  Sintered  film  analyses 

Sintering  temperatures  were  limited  to  1000  °C  as  higher  tem¬ 
peratures  caused  films  to  sinter  onto  the  alumina  plates  used  as 
substrates.  Fig.  17  shows  optical  and  SEM  fracture  surface  images  of 
a  film  sintered  to  1000  °C/1  h.  The  film  thickness  is  52  ±  1  pm.  Pores 


a 

b 

/  ^ r  V 

1 1 

1  |jm 

1  |jm 

1  |jm 

Fig.  11.  Polished  and  thermally  etched  pellet  surfaces  of  a.  LATSP,  b.  LATSP+5%,  and  c.  LATSP+10%. 
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Fig.  13.  Representative  Nyquist  plots  for  LATSP  at  a.  65°,  and  b.  125  °C.  The  high  fre¬ 
quency  regions  are  shown. 

are  observed  in  the  microstructure  indicating  %  TD  is  lower 
compared  to  the  above  described  pellet  samples.  Sintered  films 
offer  densities  of  88  ±  1%  of  theory,  roughly  6%  lower  than  pellets 
sintered  at  optimal  sintering  schedules  per  above.  This  is  expected 
as  optimal  sintering  conditions  as  specified  in  Table  5  could  not  be 
adopted  for  thin  film  sintering  as  a  consequence  of  adhesion  to 
substrates. 

Fig.  18  provides  an  XRD  of  a  sintered  film.  All  major  peaks 
correspond  to  LiTi2(P04)3.  Small  amounts  of  AIPO4  and  TiC>2  sec¬ 
ondary  phases  are  present. 

Fig.  19  presents  a  typical  Nyquist  plot  for  sintered  films  at  25  °C. 
The  Nyquist  plot  of  the  as-sintered  films  shows  what  seems  to  be  a 
portion  of  a  semicircle.  We  suspect  this  is  due  to  mild  deposition  of 
alumina  onto  the  film,  thereby  reducing  the  effective  electrode  area 
when  sputter  coated.  Note  that  the  total  resistance  is  inversely 
proportional  to  the  electrode  area  if  the  total  conductivity  is  fixed. 
Furthermore,  with  the  film  sintering  onto  the  alumina  substrate  at 
higher  temperatures,  it  is  reasonable  to  assume  mild  deposition  at 
1000  °C.  After  gently  grinding  the  surface  of  the  sintered  films  with 
1200  grit  SiC  paper,  the  impedance  behavior  becomes  very 
different  per  Fig.  19b,  thereby  proving  there  are  unwanted  impu¬ 
rities  on  the  as-sintered  film  surfaces. 

The  obtained  total  conductivities  of  surface  ground  films  are 
4.3  x  10-4  (±1.4  x  10-4)  S  cm-1  at  ambient,  fairly  low  compared  to 
pellet  conductivities  (>10-3  S  cm-1).  This  can  mainly  be  attributed 
to  lower  final  densities  of  88  %  TD.  Table  9  compares  thicknesses 
and  room  temperature  conductivities  of  the  LATSP  films  to 
commercially  available  products  and  to  what  other  groups  have 
reported.  The  total  conductivity  of  LATSP+5%  film  is  comparable  to 
other  values  listed  in  Table  9.  Note  all  films  below  100  pm  were  tape 
cast.  Glass-ceramic  sheets  were  ball-milled  to  obtain  feedstock  for 
tape  casting  [36,38].  A  sol-gel  processing  study  required  calcina¬ 
tion  for  complete  reaction  resulting  in  aggregates  that  necessitated 
high  energy  mechanical  milling  before  or  during  suspension 
formulation  to  break  them  down  [59,71  .  Only  LF-FSP  alone  pro¬ 
vides  nanopowders  that  can  be  directly  used  for  tape  casting  when 

Table  7 

Total  conductivities  (at)  of  LATSP  samples  at  selected  temperatures. 

T  (°C)  at  (S  cm-1) 


LATSP  LATSP+5%  LATSP+10% 


25 

2.4 

X 

10  3 

2.9 

X 

10  3 

2.1 

X 

10~3 

45 

5.5 

X 

10  3 

6.6 

X 

10  3 

4.9 

X 

10~3 

65 

1.1 

X 

10  2 

1.3 

X 

10  2 

1.0 

X 

10  2 

85 

2.0 

X 

10  2 

2.2 

X 

10  2 

1.9 

X 

10  2 

105 

3.3 

X 

10  2 

3.4 

X 

10~2 

3.1 

X 

10~2 

125 

5.1 

X 

10  2 

5.4 

X 

10  2 

4.9 

X 

10  2 

T  (°C) 


144  112  84  60  39  21 


Fig.  14.  Arrhenius  plots  of  LATSP,  LATSP+5%,  and  LATSP+10%. 


Table  8 

Activation  energies  of  LATSP,  LATSP+5%,  and  LATSP+10%. 


Sample 

Ea(at)(kJmol  a) 

LATSP 

30.1  ±  0.3 

LATSP+5% 

28.6  ±  0.3 

LATSP+10% 

31.1  ±  0.8 

producing  thin  films  (<100  pm).  LAGP  materials  which  Ge  is 
substituting  Ti  of  LATP  show  high  conductivities  but  may  not  be 
suitable  for  commercialization  due  to  the  higher  cost  of  Ge. 

The  optimization  of  film  processing  and  sintering  conditions  to 
reach  conductivities  similar  to  those  observed  in  pellet  samples  at 
10-3  S  cm-1  remains  as  future  work.  Increasing  the  solids  loading  of 
green  films  hence  starting  with  a  higher  %  TD,  extended  sintering 
times,  sintering  in  a  L^O  vapor  environment  or  using  different 
substrates  during  sintering  are  under  exploration.  The  mechanical 


Fig.  15.  SEM  fracture  surface  image  of  green  film. 
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Temperature  (°C) 

Fig.  16.  TGA/DSC  of  green  film. 

strength  and  cyclic  voltammetry  of  such  films  will  be  measured  as 
well. 


4.  Conclusions 

Li1.7Alo.3Ti1.7Sio.4P2.6O12  pellets  showed  the  highest  ionic  con¬ 
ductivities  of  7.7  x  10-4  (±1.5  x  10-4)  S  cm-1  among  the 
Lii+x+yAlxTi2-xSiyP3-yOi2  (x  =  0.1,  0.3 /y  =  0.2,  0.4)  compositions  in 
preliminary  studies.  Improving  the  green  densities  resulted  in 
Li1.7Alo.3Ti1.7Sio.4P2.6O12  pellets  with  superionic  conductivities  of 
2.4  x  10-3  (±7.6  x  10-5)  S  cm-1  at  room  temperature  when  sin¬ 
tered.  Adding  5  and  10  wt%  of  excess  lithium  lowered  both  crys¬ 
tallization  points  and  sintering  temperatures  by  5  ±  1  °C  and 
20  ±  5  °C  respectively  for  5  wt%,  and  11  ±  1  °C  and  60  ±  5  °C 
respectively  for  10  wt%  of  excess  lithium.  However,  no  noticeable 
effects  on  the  conductivities  were  observed. 

Low  activation  energies  (30  ±  1  kj  mol-1),  small  grain  sizes 
(600  ±  200  nm),  high  Li  concentrations  of  1.7,  and  high  final  den¬ 
sities  (94  ±  1%TD)  combine  to  offer  superionic  conductivities  in 
LATSP/LATSP+5%/LATSP+10%  pellets.  The  obtained  room  temper¬ 
ature  conductivities  are  comparable  to  the  superionic  conductiv¬ 
ities  reported  by  glass-ceramic  processing  method.  High  room 
temperature  conductivities  coupled  with  conductivities  of 
10-2  S  cm'1  only  at  60  °C  suggests  LATSP  to  be  an  excellent 
candidate  material  for  replacing  organic  liquid  electrolytes,  thereby 
improving  safety  as  well. 

Initial  thin  film  processing  studies  using  LF-FSP  nanopowders 
were  successful,  proving  their  direct  utility  for  tape  casting,  unlike 


Fig.  18.  XRD  pattern  of  films  sintered  at  1000  °C/1  h.  Peaks  with  no  label  correspond  to 
LiTi2(P04)3. 


Fig.  19.  Nyquist  plots  of  a.  as-sintered,  and  b.  surface  ground  films. 


Table  9 

Reported  room  temperature  conductivities  for  NASICON  structured  membranes. 


Processing  step 

cit(S  cm  1) 

Thickness  (pm) 

Reference 

LATSP+5% 

LF-FSP/TC 

4.3  x  1(T4 

52 

— 

OHARA  Inc.  LATP 

GC/P 

1  x  1(T4 

150 

[57,72] 

Lii  ,3Alo.3Tii  j{  P04)3 

GC/BM/TC 

1.8  x  1(T4 

40 

[38] 

Lii.4Al0.4Gei.6(PO4)3 

SG/C/TC 

3.4  x  1(T4 

75 

[59] 

Lii.4Al0.4Gei.6(PO4)3 

SG/C/TC 

8.4  x  1(T4 

200 

[71] 

Lii.5Alo.5  Gei.5(P04)3 

GC/BM/TC 

6.4  x  1(T4 

200 

[36] 

GC  =  glass-ceramic,  SG  =  sol— gel,  C  =  calcination,  BM  =  ball-milling,  TC  =  tape 
casting,  P  =  polishing. 


glass-ceramic  or  sol-gel  processing  methods.  Obtained  thin  film 
conductivities  of  4.3  x  10-4  (±1.4  x  10-4)  S  cm'1  are  comparable  to 
what  other  groups  have  reported  with  similar  materials  per  fable  9. 
The  conductivity  disparities  between  the  films  and  the  pellets  are 


Fig.  17.  a.  optical  and  b/c.  SEM  fracture  surface  images  of  sintered  film. 
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ascribed  to  films'  lower  final  densities  (88  ±  1  %TD)  vs  94  ±  1  %  in 
the  pellets.  Future  work  remains  to  match  the  film  conductivities 
seen  for  pellets. 

The  work  presented  here  strongly  suggests  that  the  materials 
and  thin  films  made  from  them  offer  excellent  potential  to  supplant 
liquid  electrolytes  in  a  wide  variety  of  Li  based  batteries.  Further¬ 
more,  ceramics  have  very  high  tolerance  to  heat  suggesting  safety 
at  higher  operating  temperatures  offering  superior  charge/ 
discharge  rates,  as  failure  mechanisms  common  to  liquid  electro¬ 
lytes  are  not  present. 
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